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Executive Summary 
Mountainous systems cover approximately 23% of Earth’s land and are distributed across all continents. 
They can capture and store atmospheric moisture that is then cycled through the terrestrial surface and 
subsurface system, released to downstream communities, and cycled back to the atmosphere. 
Characterized by steep gradients, geological, ecological, and biogeochemical diversity, mountain 
hydroclimate is influenced by topographic forcing and elevated warming and is susceptible to large 
subseasonal to multidecadal variability and rapid changes. Global warming impacts, such as multidecadal 
declines in mountain snowpack, longer growing seasons, and increased frequency and severity of extreme 
events like droughts and wildfires, have cascading effects on terrestrial hydrological and biogeochemical 
cycles. However, such effects and their feedbacks on climate systems and surface-subsurface 
compartments are unknown. Another critical knowledge gap, given human reliance on mountain systems 
for stable water supply and quality, is understanding the implications of changing hydroclimate and 
extreme events on hydro-biogeochemical cycles across atmosphere, terrestrial, and human systems in 
mountainous regions and beyond. The increasing vulnerability of mountain systems to climate change and 
human perturbations motivates the need to improve understanding of integrated mountain hydroclimate 
systems and their feedbacks and impacts on humans across scales. However, with large heterogeneity and 
strong gradients, coupled natural-human processes in mountainous regions present significant challenges 
for observations, modeling, predictions, and projections.  

  

Motivated by gaps in mountain hydroclimate understanding, observing, and modeling and the need for 
credible projections of future changes, the U.S. Department of Energy’s (DOE) Biological and 
Environmental Research (BER) program organized a virtual workshop on “Understanding and 
Predictability of Integrated Mountain Hydroclimate.” Sponsored by BER’s Earth and Environmental 
Systems Sciences Division (EESSD), the workshop aimed to inform and catalyze EESSD’s growing 
interests in enhancing predictive understanding of integrated mountain hydroclimate. Organizers 
structured the workshop to identify (1) knowledge gaps, (2) observational and modeling challenges, (3) 
research opportunities in the short (i.e., 1 to 3 years) to long term (i.e., 10 years and beyond), and (4) 
strategies for fostering collaboration and coordination. To address the outstanding challenges of 
integrated mountain hydroclimate, the workshop included two sessions organized by disciplinary, cross-
disciplinary, and crosscutting science topics. The disciplinary and cross-disciplinary topics focused on 
essential elements of the integrated mountain hydroclimate: atmosphere, terrestrial, and human systems 
and their interactions. Breakout sessions on the disciplinary and cross-disciplinary topics facilitated 
identification of crosscutting topics and central emerging themes. Session 1 focused on connecting 
existing DOE investments to accelerate progress related to scientific challenges in understanding 
mountain hydroclimate. In Session 2, participants further explored key takeaways from Session 1 through 
the lens of multiagency collaborations and coordination. 

  

In this report, “integrated mountain hydroclimate” is defined as the collection of system components and 
complex processes in mountainous regions—spanning the deep subsurface, surface, and atmosphere—
that interact at multiple spatiotemporal scales in response to natural and human influences.  



October 2022 DRAFT 

2 

The figure below summarizes the workshop goals and structure. For Session 1, key findings that emerged 
from the disciplinary and cross-disciplinary topics are summarized by the thematic outcomes, and the 
discussions on the cross-cutting topics are summarized by the integrated activities. This report also 
describes the multiagency activities, coordination, and collaborations discussed in Session 2.  

 

Science Gaps, Challenges, and Research 
Opportunities 
The science gaps, challenges, and research opportunities identified at the workshop are synthesized by 
thematic topics and discussed below. 

Mountain Extremes 
Extreme events occurring in mountain regions include heavy orographic-driven precipitation, rain-on-
snow events, rapid and early onset snowmelt, hot droughts driven by temperature and evaporation 
anomalies, snow and precipitation droughts caused by temperature and precipitation anomalies, and 
wildfires resulting from anomalies of temperature, humidity, soil moisture, fuel load, and fuel moisture. 
Extreme events present major threats to mountain ecosystems and play important roles in the global 



October 2022 DRAFT 

3 

climate system and in broader energy, water, and food security. Threats and impacts to humans from 
extreme events in mountain regions include flooding, power outages, critically low water yields that 
affect hydroelectric power and agriculture, and nutrient loading. Considering these impacts, research on 
extremes in mountains and their future intensification is critical. While much research has focused on the 
drivers of extreme events, there are major gaps in (1) quantifying thresholds and tipping points before and 
after extreme events, (2) determining the scales at which extreme events interact to cause downstream 
impacts, (3) identifying feedbacks of extreme events on the regional and global hydrological cycle, (4) 
understanding changes of extreme mountain phenomena in the coming decades, (5) assessing the threat of 
growing water demand, and (6) examining mitigations of extreme event risk to agriculture, water supply, 
and water demand and quality. Workshop participants also highlighted compounding extreme events, 
such as snow droughts and wildfire, as critical research gaps because of their interdependence on each 
other and on mountain hydroclimate regimes, their vulnerability to changing snow conditions, and the 
direct human influence on fire risk associated with expansion of wildland-urban interfaces along 
mountain foothills. These knowledge gaps present the following research opportunities:  

● Advance the understanding and modeling of snowpack spatial distributions and regimes that drive 
extreme events—including rain-on-snow flooding and compound extremes related to snow 
drought and wildfires—by developing long-term, spatially comprehensive, and frequent 
observations of snowpack. 

● Improve quantification of the downstream impacts of extreme events and thresholds and tipping 
points by developing long-term datasets of mountain biomes to quantify ecosystem steady states 
before extreme events. 

● Understand a range of system outcomes of extreme events by leveraging paleo- and synthetic data 
combined with in situ and remote sensing data. 

● Gather critical extreme event–scale data using rapidly deployable observational campaigns. 

● Improve the entire chain of models, encompassing weather, climate, hydrology, ecosystems, and 
risk, to understand feedbacks of extreme events on the hydrological cycle and develop novel and 
transformative mitigation strategies. 

● Better understand extreme event thresholds and disentangle anthropogenic land-use factors from 
atmospheric and terrestrial influences by leveraging the co-benefits of nontraditional 
experimental campaigns such as controlled forest management. 

Scaling of Mountain Processes and Data 
Understanding the spatiotemporal scaling of processes and data are major challenges in mountainous 
regions at short and long time scales due to these regions’ large topographic gradients, heterogeneous 
biomes, and varying land cover and use, which can amplify the spatiotemporal variability of 
hydroclimates and their response to anthropogenic activities. Undersampling the extreme spatiotemporal 
variability of mountain regions limits the ability to scale mountain processes, such as orographic 
precipitation, snowpack distribution, streamflow generation, and biogeochemical fluxes, and limits use of 
this data as model inputs and benchmarking datasets. Additional observational and modeling challenges 
arise from the spatial connectivity within mountainous regions through surface and subsurface hydrology 
and between mountains and their upstream and downstream regions through atmospheric processes and 
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connected human systems. Important gaps and challenges include (1) a wealth of existing data has yet to 
be fully curated, quality controlled, and utilized; (2) observational networks are not keeping pace with 
increasing modeling needs; (3) gridded products have limited to no validation in mountain regions; (4) 
undersampling across elevation gradients with limited temporal coverage leads to the creation of 
simplified interpolation products with limited value for climate variability and climate change analysis 
time scales; and (5) spatiotemporal scale mismatches among measurements, modeling, and decision-
making prevents realization of the full potential of EESSD’s model-experiment (ModEx) approach 
(ess.science.energy.gov/modex/), especially at climate variability/change time scales. These challenges 
may be addressed through the following opportunities:  

● Determine and close short- and long-term spatiotemporal observational gaps and optimize 
experimental sampling design using systematic approaches.   

● Improve sampling of spatiotemporal variability to understand scaling of mountain processes 
using flexible, nimble, and networked mobile data collection platforms (e.g., artificial 
intelligence–guided, 5G, and autonomous frameworks). 

● Bridge scales by using, for example, space-for-time approaches (i.e., substituting temporal 
sampling with spatial sampling across environmental and mountain gradients), paired catchment 
studies, and new upscaling approaches between point measurements and remote sensing to 
leverage the wealth of temporal data at point scales. 

● Improve gridded products by integrating multisource, multiscale datasets from vast observational 
networks for value-added products and data harmonization using artificial intelligence/machine 
Learning (AI/ML). 

● Better leverage underutilized data by more comprehensively and systematically integrating and 
analyzing data from past field campaigns and developing new ways to incorporate these data into 
state-of-the-art models as a pre-ModEx activity before designing and developing new operational 
and observational networks. 

● Facilitate knowledge transfer and promote the use of observations for model development and 
evaluation through better coordination of long-term collaborative research stations and networks 
across different global mountain regions and develop research networks that involve scientists 
and stakeholders as partners at the onset. 

● Generate new theoretical and conceptual scaling constructs of mountain regions by producing and 
combining multiple independent data streams, such as geophysics, hydrometrics, and tracers, into 
subsurface-through-atmosphere data collages.  

● Enhance decision-making by collecting and analyzing data across systems and scales using 
citizen science, crowdsourced data, and integrated social science and community engagement. 

Modeling and Prediction of Mountain Processes 
Many processes important to mountain hydroclimate are missing or poorly represented in coupled 
modeling frameworks, limiting the ability to understand and predict bedrock-through-atmosphere 
processes in mountain systems, particularly in the face of change. To address mountain hydroclimate 
challenges, coupled modeling frameworks should include novel process-based coupling, such as deep 
bedrock fracture flow coupled with vegetation, and microbial biogeochemical cycling from deep bedrock 

https://ess.science.energy.gov/modex/
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weathering as a response to and a driver of atmospheric feedbacks (e.g., carbon dioxide release). Notably, 
even small-scale storms can significantly affect flooding, and hillslope-scale hydrological processes can 
create hot spots and hot moments of biogeochemical activity with large signatures that feed back to the 
atmosphere, highlighting the need to model multiscale processes in mountain regions. Major challenges in 
modeling and prediction include: (1) determining the process representation and spatial resolution needed 
to credibly simulate mountain hydroclimate variability, change, and feedbacks in different regions; (2) 
advancing rudimentary observations, understanding, and modeling of system feedbacks, tipping points, 
and steady-states in mountain systems; (3) developing benchmark observational datasets needed for 
model evaluation; and (4) improving the limited representations of human systems in modeling of 
integrated mountain hydroclimate. These challenges highlight the following opportunities for advancing 
modeling and prediction of mountain hydroclimate: 

● Inform model development and experimental design by systematically evaluating the impact of 
model complexity, resolution, coupling, and ensemble size. 

● Address the cross-disciplinary scaling challenges by developing benchmarking datasets and novel 
metrics where science gaps exist, including orographic precipitation, concentration-discharge 
relationships, evapotranspiration and atmospheric carbon fluxes, wildfires, human system 
components (e.g., related to infrastructure operations, wildland-urban interfaces, cloud seeding, or 
water management activities), and spatiotemporally dense precipitation. 

● Improve coupling of bedrock-to-atmosphere processes for models across a range of resolutions, 
including representation of process interactions at the subgrid scale. 

● Overcome limited understanding of system feedbacks and tipping points in mountain systems 
through enhanced modeling of bedrock-through-atmosphere coupling. 

● Represent human systems in models of mountain regions by developing a typology of human 
systems and their interactions with other mountain processes. 

● Advance the design of novel numerical experiments to understand system feedbacks and tipping 
points in mountain hydroclimate changes through hierarchical modeling of atmospheric, 
terrestrial, and human systems and their interactions for mountain regions, including models of 
different complexities and configurations. 

● Better represent human systems in models by developing new testbeds that leverage historical 
observational datasets and stakeholder community input. 

● Develop benchmarking datasets and design modeling experiments and intercomparisons that 
integrate model transferability in the entire modeling process, from developing models to 
developing diagnostics and metrics for model evaluation. 

Data-Model Integration in Mountain Regions 
Although many past and ongoing studies include aspects of both modeling and observations, critical gaps 
in data-model integration exacerbated for mountain regions limit advances in mountain hydroclimate 
understanding and modeling. One challenge is the limited ability to use data in models because the data 
do not adhere to model spatiotemporal and quality assessment/quality control requirements (e.g., data 
from rugged terrain, limited spatiotemporal footprints, and absence of wireless networks to transfer data 
in real time). Another gap involves breaks in the ModEx cycle due to limited observational and numerical 
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experimental designs that precede model development. In addition to the research opportunities discussed 
in the previous two sections, the following opportunities emphasize data-model integration to jointly 
advance data and modeling capabilities:   

● Close spatiotemporal gaps and improve availability of mountainous modeling datasets by 
expanding collaborations with research and nonresearch partners (e.g., local agencies and 
technology firms). 

● Integrate measurements, multiscale models, and ML to inform observational needs and model 
development for improved understanding and modeling of mountain systems. 

● Advance and expand model-data integration approaches for mountain processes by using, for 
example, instrument simulators in models to more directly compare what instruments observe and 
what models simulate, real-time data assimilation to integrate data with models, and observing-
system simulation experiments to evaluate the value of a new observing system before its 
deployment. 

● Better represent critical mountain processes, including hydrological, ecological, and human 
systems, in current Earth system models by developing AI emulators based on data and model 
simulations. 

● Improve modeling of atmosphere-terrestrial-human interactions and feedbacks using hierarchical 
modeling capabilities that represent cross-scale interactions of atmospheric and terrestrial 
processes to enable ModEx-based explorations. 

● Harmonize and integrate terrestrial and human data to the same spatiotemporal resolution to 
facilitate generalization of human-Earth interactions, including by using AI/ML models to 
integrate field experiments and other data. 

Uncertainty in Mountain Hydroclimate Research 
Understanding and quantifying uncertainty in integrated mountain hydroclimate research remain 
outstanding challenges. Key unanswered science questions for mountain systems are: What are the scales 
and spatiotemporal distributions of model, data, and predictive uncertainty, and how is decision-making 
impacted by the uncertainty in these distributions that propagates through the chain of model outcomes 
for atmosphere, terrestrial, and human systems? Correspondingly, major science gaps include (1) 
quantifying and attributing uncertainty due to downscaling approaches, model resolution, and model 
representation; (2) understanding the roles of system feedbacks in uncertainty propagation; (3) evaluating 
the impact of inadequate or missing representation of human multisector dynamics on uncertainty; and (4) 
communicating uncertainty to stakeholders and decision-makers. Workshop participants identified several 
research opportunities to address uncertainty: 

● Quantify and attribute model uncertainty by developing multimodel and large ensembles 
featuring different modeling approaches, simulations with and without model couplings, 
simulations at different modeling resolutions, and perturbations of initial conditions. 

● Inform the changing risk landscape and tradeoffs to support decision-making by developing and 
using probabilistic modeling frameworks to address uncertainties. 
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● Understand the limit of predictability from subseasonal to multidecadal time scales through novel 
numerical experiments specifically designed to study predictability of integrated mountain 
hydroclimate and inform decision-making. 

● Improve uncertainty quantification for extreme and compounding events, such as drought 
followed by heatwaves and wildfires, via big data mining and improve simulations coupled with 
measurements.  

● Improve communication of the uncertainty, actionability, and decision relevance of modeling and 
prediction research through co-production of knowledge and data between scientists and 
stakeholders. 

Integrated Activities 
A synthesis of the thematic gaps, challenges, and opportunities summarized above highlights the needs 
and opportunities for further advancing research in integrated mountain hydroclimate through integrated 
activities on three crosscutting topics: extreme events and impacts, transferable knowledge, and 
actionable science. 

● Extreme Events and Impacts. Extreme events and disturbances are typically defined relative to 
an historical baseline, but such definitions do not necessarily translate into the impacts of these 
events. There is broad agreement on the need to redefine extreme events in terms of their impacts, 
as determined by stakeholders, based on the unique characteristics of each mountain system. 
Using extreme-producing phenomena and their impacts as a central focus may accelerate progress 
in addressing gaps and challenges discussed in the “Mountain Extremes” section (see p. 2). 

● Transferable Knowledge. Mountain hydroclimates share many similarities, but they also differ 
due to variations in physical conditions, spatiotemporal scales of phenomena, and human systems 
management at upstream and downstream locations. Opportunities to enable knowledge transfer 
include (1) taking advantage of existing “network-of-network” groups to explore existing datasets 
across global observatories and identify process drivers, (2) designing model simulations to 
inform new measurements needed for different communities, and (3) performing model 
intercomparison studies across spatiotemporal scales and locations to inform drivers and 
responses to change. 

● Actionable Science. Providing actionable science insights and predictions to support decision-
making requires minimization of biases, since dynamical simulations are subject to uncertainties 
and errors. To advance actionable science, leveraging existing stakeholder engagements may 
provide important opportunities for defining the requirements and needs for simulations and 
observation data. Other approaches include co-producing knowledge and data, developing 
regional themes related to extreme events that disproportionately impact society, and quantifying 
the risk tolerance in decision-making. 
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Agency Activities, Coordination, and 
Collaborations 
A need for long-term observational platforms and research to improve models motivates further 
intentional efforts to facilitate cross-divisional and interagency collaboration and coordination. Multiple 
EESSD-supported field campaigns and coordinated projects already feature cross-divisional collaboration 
on integrated mountain hydroclimate research. Some grassroots efforts also exist among scientists and 
agencies to foster networking and idea generation for future collaboration. Other modes of interaction to 
facilitate collaboration include: (1) “give-to-get” approaches in which a project supported by one agency 
provides data, modeling, and observational resources to a second project supported by another agency for 
an effort that fits within the other agency’s missions but contributes to a shared program or goal; (2) 
“build it and they will come” scenarios in which field-based user facilities and community watersheds are 
developed with the goal of stimulating new funding by other agencies to support research in the same 
location and contribute to a shared vision; and (3) new shared funding opportunities whereby interagency 
teams develop and support research from the outset. 

An interagency roundtable with program managers during the workshop highlighted that successful 
collaborations across federal, state, and local decision-making entities will require (1) Research-2-
Operations (R2O) and Operations-2-Research (O2R) development cycles, (2) a shared understanding of 
the prediction problem, (3) approaches geared toward stakeholder co-production of research, (4) bottom-
up and top-down collaboration business models, and (5) defining of priority regions. Because of the need 
for long-term observational platforms and modeling research for mountain systems, several opportunities 
were highlighted: 

● Improve knowledge transfer and shared understanding by fostering more collaborations and 
comparisons across sites in mountainous catchments instrumented around the globe.  

● Connect with stakeholders by envisioning and executing storyline approaches focusing on how 
specific extreme events observed in the past may unfold in the future under climate change. 
Examples include “Miracle March,” “Monsoon Rescue,” and “Santa Slammers.” 

● Accelerate development of models and improve testbeds by expanding coordination across 
regions and programs that more optimally leverage observational datasets, stakeholders, and 
science communities. 

● Leverage “community watersheds” that support and attract a community of researchers with 
common interests to facilitate increased collaborations through shared resources and goals. 

● Enable knowledge transfer by guiding decision-making for new mitigation strategies to address 
the impacts of mountain hydroclimate extreme events.  

● Facilitate grassroots and agency-driven mountain research collaboration by developing 
experimental watersheds to host long-term observational and modeling platforms. 
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